We demonstrate that strangeness separates in the Gibbs-phase coexistence between a baryon-rich quark-gluon plasma and hadron matter, even at T =O. For finite temperatures this is due to the associated production of kaons (containing Fquarks) in the hadron phase while s quarks remain in the deconfined phase. The s-F separation results in a strong enhancement of the s-quark abundance in the quark phase. This mechanism is further supported by cooling and net strangeness enrichment due to the prefreezeout evaporation of pions and K', K', which carry away entropy and antistrangeness from the system. Metastable droplets (i.e., stable as far as weak interactions are not regarded) of strange-quark matter ("strangelets") can thus be formed during the phase transition. Such cool, compact, long-lived clusters could be experimentally observed by their unusually small Z / A ratio ( 10.1-0.3). Even if the strange-quark-matter phase is not stable under strong interactions, it should be observable by the delayed correlated emission of several hyperons. This would serve as a unique signature for the transient formation of a quark-gluon plasma.
I. INTRODUCTION
The proposal that strange-quark-matter droplets ("strangelets") at Zero temperature and in ß equilibrium might be absolutely stableIp4 has stimulated substantial activity. Such a scenario would have fundamental importance, for example, in cosmological models to explain a large fraction of the nonobservable mass of the ~n i v e r s e . ' Recently we have proposed that such strange-quark-matter droplets might as well play an important role in the ultrarelativistic heavy-ion collisions, where one would expect a total strangeness of zero, high temperature and entropy, and no ß equilibrium.
In the present paper it is shown how strangeness separates in the Gibbs-phase coexistence of a baryon-rich quark-gluon plasma and hadron matter, even at T =0: The separation at T =O does occur because the system gains energy, if the s quarks remain in the quark phase.
At finite T the mechanism can be viewed as being due to the associated production of kaons (containing S quarks) in the hadron phase while the s quarks reside in strangequark-matter droplets, which therefore have a net strangeness larger than zero. We show below that prompt kaon emission charges the system with finite net strangeness, leading to an even stronger enhancement of the s-quark abundance in the quark phase. Even more important, the quark phase actually condenses into energetically metastable droplets of strange-quark matter (i.e., they can only decay via weak interactions6) during the Course of the expansion. The temperature and entropy of these strangelets drop dramatically from their initial values. They will then be emitted as long-lived ( T > 1 0 -~ sec) (Ref. 61 , nearly neutral clusters. Such strangelets, if they are actually formed, may serve as the only qualitatiuely new structure with an appropriate lifetime to prove the transient existence of a quark-gluon plasma.
This paper is organized in the following way. In Sec. I1 we study extensively the properties of strange-quark matter at Zero temperature. The "prefreezeout" meson (especially kaon) evaporation during the phase transition is discussed in Sec. 111. Section IV contains the calculation of the formation of the "strangelets" during the phase transition from quark-gluon plasma to hadron matter. Estimate of their size and charge-to-mass ratio are given. In the last section we show that the paircorrelation function of emitted A's can serve as a mean to detect the separation of strangeness during the phase transition; this correlation depends sensitively on the size of the A's location at freezeout.
COLD STRANGE-QUARK MATTER
Let us first discuss the properties of cold strangelets. If strange quarks are present, the Fermi energy of cold quark matter is lowered, provided the assumed current mass of the strange quark is smaller than the chemical potential p of u and d quarks. Then the system is either metastablef6 or even absolutely ~t a b l e .~" A necessary condition for the stability of strange-quark matter against strong decay is that its energy per baryon must be smaller than that of the corresponding hyperonic matter. In Fig. 
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@ 1988 The American Physical Society 1 we show the ground-state energy per baryon (i.e., at different values of the bag constant and strange-quark temperature T =O and pressure P =O) as a function of mass. In the present calculation quark matter is simply the strangeness fraction f , (=net number of strangeness treated as a gas of noninteracting particles in a bag, its per baryon) as calculated in the MIT bag m 0 d e 1~~~ for energy per baryon is then given by6
where n defines the baryon density, n, = f,n defines the density of strange quarks, and where we neglected the mass of the up and down quark. The curves of Fig. 1 T o investigate the importance of finite-size effects, the energy per baryon of finite strange-quark matter in a spherical M I T bag is calculated by filling up the bag with exact single-particle Dirac states, again assuming that the quarks do not interact. One has to solve the Dirac equation with a Bogolyubov-type boundary condition7 to describe the single-particle states:
with Here m i is the quark mass ( i =u,d,s), with m , =md=O MeV and m, = 150 MeV. R defines the radius of the bag, K is the angular momentum quantum number, and a labels the eigenvalues in this quantum state K. The total energy of the finite system is obtained by summing the "1owest"-energy eigenvalues and adding the phenomenological bag energy B V for the perturbation vacuum in order to restore the discontinuity of the energy-momentum tensors at the surface of the quark bag. The volume Vor the radius R, respectively, has to be chosen in a way that the total pressure of the quarks inside the bag compensates the vacuum pressure B. We have included a center-of-momentum correction and a Coulomb term
where No is the number of massless up and down quarks and N, is the number of massive strange quarks. For details see Refs. 3 and 7.
One obvious difficulty is the fact that the momenta of the massive strange quarks do not scale with 1 / R for the above boundary problem. Hence one has to calculate a new set of energy eigenvalues for each value R. Pressure equilibrium is achieved by minimizing the total energy with respect to the radius. The results are depicted in 3) . The lower smooth curves in both figures are calculated in the thermodynamical limit, i.e., for infinite matter. One recognizes the shell effects in these figures.
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For very small bags (NB < 10) the energy is at least 50 MeV/nucleon above the thermodynamical limit.
In Fig. 2(c) we regard the same quantities as in Fig. 1 , but for finite baryon numbers NB = 10,20,40, varying the strangeness fraction of the bulk. Here we consider the bag value B 1 I 4 = 145 MeV only. The energy per baryon for these small ArB values is about 50-100 MeV/nucleon larger as compared to the infinite-quark-matter calculations (lowest curve). This can be interpreted3 in terms of a surface correction.
As was already noted in Ref. 7, even non-strange-quark matter might be absolutely stable, depending on the M I T bag constant [cf. Fig. 2(a) ], but only for baryon numbers NB > 300.
Since the uncertainty due to the bag constant is much larger than the finite-size effects, we will use a thermodynamical description of the quark-matter droplets in the following (and also of hadronic matter for the Same Let us now return to the basic mechanism for the separation of strangeness, which leads to the formation of strange-quark-matter droplets in heavy-ion collisions (Sec. IV). This idea is demonstrated in a conspicuous manner (at T = 0 ) in Fig. 1 : Take a bag constant of 160 MeV and a strange-quark mass of 150 MeV. Consider a totally equilibrated system of cold nuclear matter in the ground-state with a finite total strangeness of 0.4 (see Fig.  1 ). One would now naively argue that strange-quark matter with f, =0.4 is the ground state of the system, because the energy per baryon of this state is lower than that of the hyperonic state. However, the total energy per baryon can be lowered by an additional -50 MeV by assembling the nonstrange quarks into pure nucleonic degrees of freedom, leaving the strange quarks in a strangematter dropiet, its strangeness fraction enriched to f, = 1.
The minimal total energy is obtained with the tangent construction used in Fig. 1 . Now the system consists of two phases, 60% of the baryon number contained in nucleons and 40% forming a strange-quark-matter cluster with f, = 1. Hence we conclude that for 0 < f, < 1 the "true" ground state is a mixture of two phases, pure nucleonic matter und strange-quark matter (only for B"4= 145 MeV a pure quark phase is the true ground state, even for f, =O).
This Separation of strange from nonstrange quarks and the unexpected occurrence of two different phases in the ground state should be further investigated because of its interesting consequences which are described in detail in the next sections. Therefore we now examine the Gibbs equilibrium phase transition between strange-quark matter and hadronic matter at T =O. For an explicit description of the phase-transition model we refer to Sec. IV, but we already note here the necessity of including a Hagedorn correction factor to account for the finite eigenvolume of the hadrons; otherwise the hadronic phase would be stable at large densities. 899 The calculation shows that our first attempt to understand the physics of the strangeness separation by simple energetic arguments is indeed correct. If the system carries finite net strangeness, strange quarks will stay predominantly in the quark phase, thus leading to a mixture of two phases in the ground state (if we do not consider B values for which strange-quark matter would be absolutely stable).
FIG. 3. Pressure vs baryochemical quark potential for the phase transition between quark and hadronic matter (a) with Zero strangeness and (b) with finite strangeness (f, =0.4). One Sees a principal difference between the two scenarios. In the case of finite strangeness, a "true" ground state has to be a mixture of both phases, a nonstrange hadronic, and a "strangelet." / the quark chemical potential P,. In Fig. 3 This simple picture is also reflected in the finitetemperature calculations presented below. Indeed, this is the physical reason for the strangeness-separation mechanism in f, =O matter, which can lead to strangelet formation in high-energy heavy-ion collisions.
ENTROPY LOSS AND NET STRANGENESS ENRICHMENT DUE T 0 PION AND KAON EMISSION IN THE EXPANSION
For the following arguments it is important to study the expansion of an initially hot quark-gluon-plasma fireball with special attention to the evolution of the strangeness during the phase transition (see Fig. 4) . In Ref. 5 we have examined the fate of strange particles in an expanding system with Zero net strangeness. However, a more realistic scenario must take into account the particle (i.e., mainly meson) radiation from the fireball before "freezeout." Let us make some crude estimates about the qualitative features of this radiation. First we have to consider meson radiation off the initial pure baryon-rich quark phase. One can think at least of seven different m e c h a n i~m s : '~-'~ (a) auark leaves the surface of the plasma, and due toor sF creation in a color-flux tube a T o r K meson departs from the plasma; (b) as in (a), but with a q leaving the plasma, producing a ir or E; (C) as in (a), but with an s quark, producing a E; (d) as in (a), but with an F, producing a K; (e) a colorless, quasibound state ofevaporates from the surface; (D as in (e), but with 4% and (g) as in (e), but with qs.
Anything else (such as 4-meson radiation) can be regarded to be suppressed due t o higher-mass thresholds. Qualitatively spoken, process (a) happens more often than However, much more important than this process seems to be the meson radiation while the system is in the phase coexistence region. On one hand, most of the total collision time is spent in this region (see the results of the next section). On the other hand, the possibility of reabsorption of mesons is very unlikely, since the system approaches freezeout.
We have shown5 that during the phase coexistence the quark phase is charged up with strangeness leading to f, 50.8. K + and K 0 mesons7I4 which absorb the F quarks in the hadronic sector, are enriched while the hyperons are suppressed. Pions and K + , K ' are lighter than the baryons, their thermal velocity is higher and therefore they are emitted more rapidly. Thus the system cools by thermal evaporation in addition to the cooling due to the isentropic expansion (see Fig. 5 ).
The meson evaporation in both stages of the expansion just described carries away entropy, energy, und antistrangeness. Therefore the residual expanding fireball, which is in the mixed phase, loses entropy and is charged up with net strangeness (see Fig. 4 ). We will show below that this additionally increases the strangeness abundance in the quark phase [see Figs. 5(a) To prime this picture, let us give a rough estimate of the entropy loss and the kaon emission during the expansion process of the fireball by a blackbody radiation formula: The pion and kaon densities in a thermalized system are Here mK=500 MeV is the mass of the kaon and ,UK =pq -,U, is its chemical potential. The antikaons are -2 p K / T suppressed by a Boltzmann factor e as compared to the kaons. In the quark phase at least p,/2 pions and p K / 2 kaons, respectively, leave a surface layer per unit time and area. This can be motivated, if we assume that the surface of the quark phase is covered by a thin, thermalized cloud of mesons, its temperature and chemical composition implied by the quark phase. A t the relevant temperatures mesons have nearly the speed of light. Obviously half of the particles have the possibility to leave the cloud, while the other half are emitted back into the plasma. This agrees with the results of Ref. 13. However, during the phase coexistence nearly all p, pions and p~ kaons, respectively, spatter off the outer surface of the hadron phase, because the outer layer of mesons moves with nearly the speed of light, rapidly losing the thermal contact of the rest of the remaining fireball.
Each pion carries -4 units of entropy and each kaon carries one unit of antistrangeness; hence the loss of entropy per time is given by the size of the surface times four times the outgoing pion density. The gain of strangeness is obtained analogously
The resulting rates are listed in Table I , assuming a total baryon number of NB = 100. The quantities pB, T,pK are estimated from the calculations of the next section. These quantities stem, however, from a calculation assuming thermodynamical equilibriurn and isentropic expansion. They should in principle be consistently calculated in a rate-equation approach to describe the nonequilibrium time evolution of the considered observables quantitatively. For the time being, we will be content with the qualitative picture developed here. At is the time the system stays in the specified stage, which is obtained from the later calculations assuming a longitudinal expansion of the hot fireball. We have examined three different stages of the fireball, first as a hot quark-gluon droplet, second at the early stage of the phase transition, and third at a later stage of the transition with lower temperature. Adding all numbers, a loss in entropy per baryon of about 15 and a strangeness enrichment of the total system to about f , =O. 75 is found.
Figures 5(a) and 5(b) depict qualitatively the possible time dependence of the total strangeness f s ( t ) in the system and the total entropy, respectively. Figure 4 (c) describes the two alternatives for the final state of the reaction. As will become clear in the next section, for B < 190 MeV the pion and kaon radiation leads to a mixed phase of quark droplets and hadrons in the late stage of the expansion. This mixture attains a lower energy per baryon than the pure hadron gas. Consequently the phase transition is brought to a halt. The system is left in a metastable state of two phases at low temperatures and at nearly Zero pressure, containing the strangelet as survivor of the quark-gluon-plasma phase.
On the other hand, for B values > 190 MeV strangequark matter will decay predominantly into hyperons. We will examine this possibility in the conclusions.
IV. NUMERICAL CALCULATION OF STRANGELET FORMATION
Let us now investigate the consequences of the abovementioned nonequilibrium meson and kaon evaporation assuming a longitudinal expansion of the system:15
In an equilibrium expansion (without meson radiation) entropy and net strangeness would be conserved, but the actual expansion must, of Course, follow a path along which f?' is steadily increasing and the total entropy is steadily decreasing with time due to pion and kaon radiation (see Fig. 5 ).
A quantitative nonequilibrium (e.g., rate equation) analysis of the complete time-dependent microscopic evolution is beyond the scope of the present Paper. Here we simply estimate the nonisentropic expansion of the system using various finite (i.e., increased), but constant net strangeness fractions f , > 0 and decreased entropies S / A < S / A 1 "i,ia, to simulate the actual time-dependent increasing net strangeness and decreasing entropy values.
We employ the bag-model equation of state for the quark-gluon and take hadron matter to be a mixture of relativistic Bose-Einstein and Fermi-Dirac gases of the well-established nonstrange and strange hadrons up to M ~2 GeV. Hadronic densities are corrected by a Hagedorn eigenvolume factor in order to take account for the repulsive interactions. 8,9
When reaching the phase-coexistence region, defined by Gibbs's conditions ( TQGP= T~~~, pQGP= phad, ppGP=pQad, p~G P = p~d ) , baryon number and entropy conservation force the system to expand along the phase boundary by converting plasma volume into hadron gas v~l u m e .~ For a given entropy and baryon number, the temperature and the baryochemical potential specify the volume occupied by the two phases. The strange chemical potential p, needs to be specified to ensure strangeness conservation. The following system of nonlinear equations is solved for T, pq, p S :
where S / A and f, are constants. In addition, A~P =~~G P /~~l , i.e., the fraction of baryons in the quark phase, has to be specified to obtain a unique solution of the above equations. Obviously AsGP is decreasing with time while hadronization proceeds.
FIG. 8. The time evolution for the temperature during isentropic expansion. One observes a large decrease in temperature. The conditions are the same as in Fig. 7(a) . means higher temperature, and because the quark phase obtains more thermal degrees of freedom, its energy rises more rapidly with temperature than the hadron resonance gas. The energy of the quark phase rises linearly with the bag constant. Thus, if B is larger, the quark phase becomes unstable at such temperatures, where it would be stable for smaller bag constants.
Eventually the adiabatic expansion has cooled the total system, due to diluting hadrons, as depicted in Fig. 8 , where the time evolution of temperature is shown for a strangeness fraction f , =0.25 and different entropy per baryon ratios. The entropy per baryon of the quarkmatter phase decreases dramatically, because of its finite density which lies around two times the density of normal nuclear matter. Nearly all entropy is absorbed by the surrounding dilute hadron gas, mainly nucleons and pions. This entropy splitting between both phases during the phase transition, already discussed in Fig. 5 , is qualitatively shown for S / A = 5,15,25 in Fig. 9 . One clearly recognizes the large decrease of the entropy of the quark-matter droplet. At some critical point thermal contact cannot be further maintained, freezeout happens, thus leaving a rather cold strangelet. The time evolution of the entropy in the two individual phases while passing through the coexistence region. Note that the entropy per baryon drops drastically in the strangelet, and the surrounding hadron phase absorbs the entropy of the system. The conditions are the same as in Fig. 7(a) .
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FIG. 10. The time evolution of the fraction of strangeness in the strangelet. One observes a strong enrichment of f, with time, all Strange quarks remain more or less in the quark droplet. The conditions are the same as in Fig. 7(a) .
We now want tu describe some of the properties of this remaining strangelet, which in fact are similar to those of the cold ( T =O) strangelet described in Sec. 11. Figure 10 depicts the amount of strangeness in the strange-quarkmatter droplet calculated for the Same Parameters as in Fig. 7(b) . A drastic enrichment of f,d'opIet can be Seen. In addition be aware of the decreasing total entropy and increasing total strangeness fraction of the system due to particle evaporation. Typical f, values of the final droplet lie around 0.8. Figure 11 depicts the development of baryon density of the created strangelet, the final values are about 1.5-2 of normal nuclear density, which agrees with the values for cold matter. The droplets tend to drift towards the minimum energy per baryon on the curves shown in Fig. 1 by additional emission of nucleons, and also pions, antikaons, and photons.
FIG. 11. The time evolution of the baryon density of the strange-quark blob. Note that the density of the strangelet lies around 1.5-2 of normal nuclear matter. The conditions are the same as in Fig. 7(a) .
Hence we summarize that kaon and pion radiation in fact favors the creation of relatively cold, nearly neutral, multi-strange-quark-matter droplets, their mass can be as large as 50% of the total mass of the system, their charge-to-mass ratio Z / A 5 0.3, their density around two times the ground-state density of nuclear matter.
V. OUTLOOK: DETECTING STRANGELETS
We conclude that there are two processes which would suggest the formation of "strangelets" in ultrarelativistic heavy-ion collisions, if a baryon-rich quark-gluon plasma is formed. The first is due to the s-S separation mechanism presented earlier.5 This leaves us with a quark phase in the coexistence region of hadronic and quark matter, which is charged up with strangeness. The s quarks, created in pairs with quarks in the early quarkgluon fireball, remain in the quark phase during the phase transition, the squarks materialize mainly into kaons.
Second, the evaporation of pions and kaons from the system, in particular during the phase transition, cools the matter and charges it up with net strangeness. Thus, because of f,'"'"'>O, the chemical equilibrium composition of strangeness is shifted towards additional strange quarks, which also get trapped in the quark phase. Now, while the phase transition proceeds, the system cools and, similar to strange-quark matter at Zero temperature (Sec. II), has its smallest energy per baryon number for a mixture of nucleons and a droplet of strange-quark matter. When the thermal freezeout stage is reached, a cold strange-quark-matter droplet is left. This is in contrast with Ref. 16 , where it was claimed that our original proposal might never work because the system would have to decay due to its large entropy content. However, entropy and heat are carried away by evaporated pions and nucleons. Thus these strangelets might survive for times t > 1 0 -~ sec after collision, even if these objects were only metastable and could decay solely via weak interactions.
A microscopic nonequilibrium calculation of the time evolution of the quark-gluon plasma is urgently needed to quantify the simple estimates presented above.
Other In Fig. 12 the entropy per baryon is shown as calculated in a one-dimensional hydrodynamical m~d e l '~, ' ' as a function of E:: for a gas of hadronic resonances and deconfined plasma with B 1 I 4 = 180 MeV. For details of this calculation see Refs. 15 and 17. One observes that according to these calculations a quark-gluon plasma could be created at rather moderate bombarding energies. For bombarding energies E:$ = 10-50 GeV/nucleon the resulting low entropy per baryon values would favor strangelet formation. In collision with bombarding energies of 200 GeV/nucleon the entropy in the target fragmentation regions would also be moderate enough for quark-matter formation and thus for strangelet creation. If a strangelet were actually produced in a heavy-ion collision, it would be the only unique signal for the formation of a quark-gluon plasma. It could be detected by its unusually small charge-to-mass ratio. I t would thus appear similar to, e.g., a Proton with unusually large transverse momentum. A strangelet can be detected by interacting with a secondary nucleus: multiple production of A's in such a secondary reaction would serve as a signal for the strange-quark-matter droplet. A neutral strangelet can be observed in calorimeters by its large total energy and transverse mass. (Weak) decay in flight could be observed. We note that the decay modes of strangelets have been investigated by Chin and Kerman.
If the bag constant were larger than 190 MeV, strange-quark matter would be unstable even for Zero temperature (Fig. 1) . However, even then the quark phase becomes strongly enriched with strange quarks during the phase transition. This behavior is shown in Fig. 13(a) , where f,QGP in the phase coexistence region is depicted as a function of pq for various values of the volume fraction X = Vhad /( VQGP + Vhad ) of the hadronic phase ( f,'ota'=0.25 and B1/4=210 MeV). We remark that even for T-0 (or equivalently, for large p q ) f,QGP does not converge towards Zero (as would be the case for f , ' o t a ' =~, since almost no Squarks and no s quarks can be produced at low temperatures, cf. Ref. 5 ) . The A's would emerge at the very end of the hadronization phase transition, as demonstrated in Fig. 13(b) , where the increase of the number of A's per unit change of the baryon-number fraction h k d of the hadronic phase, d N A / d h g d , is depicted as a function of h k d = 1 -hSGP, assuming a total baryon number of ~6 p '~' = 100 and an entropy per baryon ratio of 15. Since then the quark-phase volume is rather small, the A's would be strongly localized in space-time. Strong localization implies that two produced A's should be strongly correlated. If deconfinement does not occur in a collision, i.e., if a highly compressed, thermalized gas of hadrons is formed, the A's are created over a much larger region in space-time, namely, throughout the whole fireball. The two-particle correlation function has then a different shape.
The function R (P",) (where pXl is the relative momentum of the two particles) can be obtained by an ansatz similar to the one used earlier for p-p (Hanbury-BrownTwiss) c o r r e l a t i~n s : '~ where pl,p2 are the momenta of the two particles and P,,,, and prcl describe the Center of mass and relative momenta, respectively. R ( p X l ) defines the difference between the differential two-particle cross section and the product of the inclusive single-particle cross sections. R should only depend on the size ro of the area where the particles are located at freezeout and from where they are emitted. Considering the spin distribution to be statistical and introducing a spatial distribution for the emitted wave packets, one finds Here it is assumed that the two A's behave like free particles without low-energy resonance scattering channels. In Fig. 14 one recognizes a sensitive influence of the correl-ation function R on the radius r,. The A's are-as discussed above-expected to be emitted from a strongly localized region with radius ro -2 -3 fm. The evaporation of particles such as n0 or Protons (and neutrons) should lead to much larger radii r o -5 -7 fm. Thus the measured correlation functions of A's and pions should correspond to widely differing radii, if strangeness separation does indeed occur. A more detailed study of A-A correlations, also including a possible resonance channel, is presently underway. The strangeness separation should not occur for bag constants larger than 235 MeV, because associated production would then favor hadronic hyperonic matter and thus actually the hadronic phase would be charged up with ~t r a n~e n e s s .~"~ The dependence of the bag constant, which represents the nonperturbative interactions of QCD, on the density and temperature is unknown.
The creation of (long-lived) droplets of quark matter in high-energy heavy-ion collisions would offer a unique, qualitatively new signal for quark-gluon-plasma formation. It would indeed manifest the existence of a new nonperturbative, high-p and -T phase of QCD.
